4 Fig.1 . Launching conventional method scheme with nose and cable pulling system 5 (courtesy of VSL Ltd.). 6 7
1.1 Bridge launching present disadvantages 8 9
Despite this method's multiple advantages, which have led this system to become 0 widespread all over the world in the past three decades, the method presents some problems that may make it less competitive compared to other construction systems, 2 depending on the bridge and site characteristics. 4
State of the Art methods [3, 4] have presented a wide range of alternatives for launching 5 bridges. The limitations of those techniques are described below: 6 7 -The structure is subjected to two very different resistance schemes: the cantilever 8 beam during the construction stages and the continuous beam during the service 9 life. Usually Serviceability Limit States (SLS) during construction are more 0 restrictive than the final conditions [5] . -Every section must resist alternate sign bending forces and patch loading, even 2 the sections that have not been designed to do so when the construction is completed. This is a critical factor in designing the first two spans of the bridge 4 [6] . 5 -There is some preparation time because of the need to set up the auxiliary and 6 pushing systems, and the launching speed is not fast [7] . 7 -It is difficult to have a good safety system in order to control or monitor reactions 8 on every support during the launching, and to achieve the compensation of the 9 load is not currently available [8] . 0 -This construction method is not very sustainable because it uses a lot of nonreusable materials [9] . 2 -Finally, safety is sometimes compromised because the current pushing system is not reversible and does not allow the deck to retract fast and easily [10] . 4 5 2. The new launching method 6 7 The new method for bridge launching is patent-protected [11, 12] and allows the use of 8 longer spans, which are easier and cheaper than the ones used nowadays. The main issue 9
The system described and shown above is completed with other mechanisms, such as the 6 small nose to reduce and regain the deflection during the largest launching phase, 7 disconnection system of the double-deck and the new device for continuous bridge 8 launching [20] . 9 0 2.3 Advantages 2
The main advantages of the new method are the following [19, 21] : 4 -Critical sections, mostly those belonging to the first span during the launching, do 5 not have to be oversized with respect to requirements of the serviceability limit 6 state. 7 -Launched span is increased and no auxiliary means are needed. 8 -Material is more efficiently and sustainably used, only when it is needed. 9 -Torsional behavior of the deck, and the general structural behavior, during the 0 launching are improved; even when curved geometries are assembled. -The construction process involves simple and repetitive operations that can be 2 monitored. The increasing of the span allows the protection of the environmental surroundings of the location. All of this leads to a lower execution time and costs, 4
as well as to a better quality of work. 5 6 3. Numerical models 7 8
The numerical simulation was carried out using a nonlinear finite element model (FEM). 9
The structural response of the basic parts making up the bridge is understood in great 0 detail thanks to this simulation technique, saving costs and time in relation to tests [22] . 2
Only the first two spans of the bridge are modeled since the behavior of the whole deck can be simulated accurately by adding the corresponding boundary conditions. The FEM 4 model used includes the main cantilever span of 150 m and the adjacent span from pier 5 nº 1 to the abutment. So this model corresponds to the critical phase launching and is 280 6 m long. 7 8 3.1 Finite element model 9 0
The FE model in this work has been based on the ANSYS software [22], using the following element types and contacts (see Fig. 4 ): 2 -SHELL 181 is a kind of element used to model thin walled structures, like steel 3 plates (including webs, flanges and stiffeners). It is well suited for linear, large 4 rotation, and/or large deflection nonlinear applications and is a three-dimensional 5 four node finite element having six degrees of freedom per node: translations and 6 rotations in the nodal X, Y, and Z directions. 7 -The finite element SOLID186, used to model the plates of the bearings, is a higher 8 order 3D 20-node solid that exhibits quadratic displacement performance having 9 three degrees of freedom per node: translations in the nodal X, Y, and Z directions. 0
Author's post-print: Antonio Navarro-Manso, Juan José del Coz Díaz, Mar AlonsoMartínez, Daniel Castro-Fresno and Felipe Pedro Alvarez Rabanal. "Patch loading in slender and high depth steel panels: fem -doe analyses and bridge launching application" The main box girder and the double-deck is composed of two 7 m high plates and the 0 bottom plate that is 7 m wide (Fig. 5) . A triangular cell of 0.5 m to 0.6 m high runs along the whole structure, just below each web. This makes a strong longitudinal stiffener at the 2 loaded head of the vertical plates and its optimum position is about 10% of total depth (Figs. 5b and 5c) [23] . -Bending moment at the rear of the deck of 10 7 N·m, based on a 8 previous two-dimensional [11, 19] analysis in which every force 9 reaction on each pier was obtained. Shear force at the rear of the deck 0 is directly absorbed by the supports. -The two launching bearings described in section 3.1.2, at pier nº 1, in 2 which the rotational angle has been controlled by means of the stiffness of the vertical plate and also compared with previous 2D 4 analysis. Vertical displacements are not allowed and horizontal 5 movement is avoided in one of the bearings. 6 -Simple support at the rear of the deck, 130 m long for pier nº1, 7 precisely on the abutment and near the pushing system location, in 8 which displacements are not allowed. 9 0
Author's post-print: Antonio Navarro-Manso, Juan José del Coz Díaz, Mar AlonsoMartínez, Daniel Castro-Fresno and Felipe Pedro Alvarez Rabanal. "Patch loading in slender and high depth steel panels: fem -doe analyses and bridge launching The present nonlinear static structural problem was solved by using the full Newton-6
Raphson option for all degrees of freedom with a non-symmetric solver including the 7 adaptive descent option. With the aim of achieving an initial solution for the lineal 8 buckling analysis it was necessary to perform a linear static structural analysis. Then a 9 linear buckling analysis was undertaken and the normalized values of the initial defect of 0 each mode were calculated. Finally, the plasticity of the material and actualization of the geometry in every step load was taken into account to obtain the failure load. To ensure 2 the convergence of the results, the Newton-Raphson analysis options for a time step of 1 second, neglecting the inertial effects, are summarized in Table 2:  4  5  Table 2 : Newton-Raphson analysis setting options for a time step of 1 second. 6
Item value
Author's post-print: Antonio Navarro-Manso, Juan In this section the six cases with different stiffener distributions are calculated, in order 6
to complete the design of the deck that is going to be launched. The numerical model used 7
to calculate the deck stiffness and to considerer the non-linear effects includes the 8 optimum triangular cell and the double deck system, both were mentioned above. 9 0
The model used for the analysis is supported by means of two provisional launching bearings described previously and they are located on pier nº1 at 145 m from the nose. 2 This is the most critical launching phase in which the nose gets closer to pier nº 2 and the support bearings are located directly in the middle of two transversal frames. This 4 condition will be investigated in the final design in order to assess the most critical 5 location of the supports. 6 7 The linear buckling problem is solved by Equation (1), and the eigenvalues are obtained:
where are the load factors of each buckling mode, K and S are stiffness and stress 2 sate matrices, respectively, and i is the matrix displacement of the structure.
4
The critical load P i cri of each buckling mode is obtained the following expression (2), 5
where load factor increases with the maximum load i P : 6 7
The first buckling modes affecting the web and their corresponding load factors are 0 represented in the Fig. 7 , for each case previously defined. In each case, fourty buckling modes were calculated using the Lanczos algorithm, in order to achieve enough precision 2 during the non-linear analysis. The stability criterion used limits both the deflection of the web and the stress on every 0 plate. The SLS must be accomplished and any plastic deflection is not allowed for the steel grade S-275 during the launching process. The condition for admissible transversal 2 deflections, based on the usual deflection limit of simply supported beams under bending, is shown in Equation (3)
The results of the studied models are shown in the Table 3 , numerical data is related to 8 web plates. 9 0 The most important observation from table 3 is that the stiffener distribution called 5 CASE-VI, combining longitudinal and transversal stiffeners, and the triangular cell along 6 the lower flange, is the best solution in bridges of long span (from the point of view of 7 their construction system, i.e. launching), because the maximum deflection and von Mises 8 stress are the least and the buckling load multiplier is greater than one. Also this stiffener 9 distribution is appropriate in case of height decks larger than 4 m [10] . Besides maximum 0 deflection occurs in the opposite panel with respect to the point load. 2
The next Section will explain the optimization of the whole system, including nonlinear effects. 4 5
Nonlinear analysis
The effective contribution of the general stiffening to the patch loading resistance is 8 allowed in the codes used nowadays, but they only present a few cases and only take into 9 Once the linear buckling analysis has been carried out, the Case VI is selected to be solved 5 under non-linear conditions. Eighteen linear buckling modes were combined by means of 6 the Newton-Raphson algorithm. Fig. 8 shows the final von Mises stress of this case. 7 8
The FE code used does not include a specific module for this purpose, so an APDL code 9 was written to solve the non-linear problem, taking into account the following [27-29]: 0 -Geometrical non-linearity: Eighteen linear buckling modes are combined.
-Material non-linearity: a bi-lineal and isotropic model of plasticity with linear 2 hardening. -Large deflection: the model takes into account in each iteration the deflection of 4 the structural element and the displacement of the load. 5 6 Thus, the initial imperfection (or tolerance of fabrication) that initiates the non-linear 7 calculation is 500 L ; this value is non-dimensionalized dividing it by the maximum 8 displacement of each mode and multiplying by the percentage of the contribution of each 9 local mode in the final deformation (see Equation (4)). This contribution has been 0 distributed in a uniform way between those buckling modes that affect the deformation of the web. Once the general design has been carried out, the typology, the dimensions and the 7 optimum position of the longitudinal stiffeners of the deck will be studied. The maximum 8 von Mises stress result in webs is about 2·10 8 Pa, lower than the steel yield strength limit. 9
The patch loading phenomenon is controlled by the triangular cell and the general 0 longitudinal stiffeners, bearing in mind the thickness of the web and cell plates. The model used allows the consideration of the interaction between patch loading and bending 2 moment phenomena. 4 5 6 Previously some different stiffener combinations have been analysed. The most efficient 7 option, both technically and economically, is to place two vertical stiffeners and one 8 longitudinal stiffener above the triangular cell. Thus, the instability of the web panel is 9 highly controlled, the bearing load is well distributed and the von Mises stresses are lower 0 than the yield stress of steel. 2 However, the simultaneous action of all the elements described nor there interaction have been taken into account yet. This final analysis shows how the new stiffening procedure 4 works and the optimization of the most important parameters, such as the depth and the 5 position of the stiffeners, are carried out. In order to verify the best triangular cell and 6 stiffener combination the design of experiments (DOE) methodology has been used in 7 this research work [30]. 8 9
Optimization based on DOE analysis
Firstly, the central composite design (CCD) was selected for the optimization of the 0 parameters in the DOE methodology procedure [31, 32] . Taking into account that the different variables are usually expressed in different units and have different ranges of 2 variation, the importance of their effects on the structural behaviour can only be compared if they are coded. 4 Secondly, the DOE technique is an optimization approach permitting to determine the 6 input combination of factors that maximize or minimize a given objective function [31] . 7 Based on DOE and response surface method (RSM) the second order polynomial 8 regression models can be developed to predict the performance of the structural system. 9
Such numerical models are also known as response surface models (RS-models). During 0 response surface modelling the input variables 1 x , 2 x ,..., n x must be scaled to coded levels. In coded scale the factors vary from ( 1 ) that corresponds to minimum level up to ( 1 ) 2 that suit to maximum level. The second-order models given by RSM are often used to determine the critical points (maximum, minimum, or saddle) and can be written in a 4 general form as [32] (5) whereY denotes the predicted response, i x refers to the coded levels of the input variables, 6 0 , i , ii , ij are the regression coefficients (offset term, main, quadratic and interaction 7 effects) and n is the total number of input variables. To determine the regression 8 coefficients of the Equation (5), the ordinary least squares (OLS) method is used. 9 0
Critical position of the point load
When the bridge is arriving at the forward pier, the maximum cantilever is from 140 m to 2 150 m. This is the distance that one segment (10 m long) has to travel over the bearings from one transversal frame to the next. In order to study the patch loading phenomena, a 4 step by step calculation has been carried out and the most problematic position of the 5 bearings has been determined, taking into account the maximum load and the location of 6 the bearings with regards to the transversal frames. 7 8
Besides the stress in the transversal frame and the vertical stiffeners themselves, the most 9 important output parameter is the transversal deformation in the web; hence the stress in 0 the transversal frame is always lower than the yield stress. The maximum deflection is reached when the total cantilever span is 150 m and the bearings are directly below the 2 second transversal frame, as can be seen in Fig.9 (a) . Fig. 9 (b) ). 6 7
Triangular cell and web thickness optimization 8
The size and the thickness of this element, taking into account the whole model and the 9 interaction between all the stiffening elements, depend on the following parameters (see 0  Table 4 ), which are considered in the DOE. 2 Table 4 : Input parameters for the triangular cell optimization. The most relevant parameter is the web thickness, since the maximum load and the width 5 of the launching support were established before. Fig. 10 shows the response surfaces of 6 the main output parameters, web deflection (Fig. 10a ) and web stress (Fig. 10b)  7 depending on the height of the triangular cell and the thickness of the web. conditions and loads are also extensively tested. Hence, this study takes the value of 30% 4 web depth as the first step to carry out the DOE. In this case, the location of the 5 longitudinal stiffener is the most important parameter from the web deflection point of 6
Author's post-print:
view. Once the location is defined, the next most important parameter is the stiffener 7 inertia. Table 6 and Fig. 11 shows the input parameters used for the stiffener optimization: 8 9 The maximum von Mises stress in the web remains virtually constant. The depth of both 5 longitudinal and vertical stiffeners only control the stress in the elements themselves. As 6 was seen in the previous analysis the stresses are always less than the elastic yield stress 7 of steel. The fact that the whole design is being carried out with the objective of making 8 the stresses lower than 60% of the yield stress of S-355 steel grade must be highlighted. 9 Fig. 12 shows the sensitivity analysis results from the DOE, in which the relative 0 influence of each input parameter on the outputs are shown: 2 The results obtained in the final bridge design are as follows (see Table 7 ): 5 6 As a result of these calculations, in order to optimize the double deck method, one 9 longitudinal stiffener and two vertical stiffeners between two consecutive transversal 0 frames were configured. Table 7 shows the values of all the parameters involved during the launching stage corresponding to the maximum cantilever position. Fig. 14 to 16 show 2 the numerical results of the von Mises stress, the deflection of the structure and the detailed graph of the segment positioned directly over the pier during the critical 4 launching phase. The aim of this paper is to present a study of the best way to stiffen a high depth bridge 2 steel deck, and to apply it in a new launching method for steel bridges. The construction process must not be restrictive in the structural bridge design. Otherwise, material would 4 be used in a non-efficient and non-sustainable way. 5 6 Taking into account the results of this paper, it has been found that a 150 m long span 7 bridge can be launched by the double-deck procedure, without any auxiliary or non-8 reusable means. 9 0
Moreover, it has also been shown how the use of advanced simulation methods (combining the FEM and DOE techniques) provides the adequate structural response of 2 a complex structure. The main parameters have been identified and a nonlinear numerical simulation by FEM has been carried out, making several numerical models and studying 4
